The topology of tubulin and actin during mating of Saccharornyces cerevisiae was analysed by fluorescence microscopy with the monoclonal anti-tubulin antibody TuOl and rhodaminelabelled phalloidin. Preconjugatory cells displayed an asymmetric distribution of the microtubule and actin cytoskeleton and an overall polarization of the cells preceding cell fusion. Prior to karyogamy, the haploid spindle pole bodies were associated with abundant cytoplasmic microtubules. Budding zygotes revealed the same tubulin and actin patterns as vegetative cells. Treatment of the mating mixture with the microtubule inhibitor nocodazole (10 pg ml-l) did not prevent polarization and fusion of haploids, zygote formation and emergence of the first zygotic bud. In marked contrast, the migration of the nucleus in preconjugatory cells as well as nuclear migration and fusion within the zygotes was unequivocally blocked by the action of the drug. It is suggested that the problem of the morphogenesis of mating should be approached by considering interactions at the cell periphery.
INTRODUCTION
The mixing of haploid cells of Saccharornyces cerevisiae of opposite mating types leads to zygote formation involving several distinct morphogenetic steps. As described in the pioneering work of Hartwell (1973) , cells of mating types a and a competent for cell fusion are unbudded and blocked just before the initiation of DNA replication. Mutual interactions of cells of opposite mating types are mediated by mating pheromones, the continued presence of which is necessary for cell fusion as well as for karyogamy (Thorner, 1981) . However, the way in which the signal is transformed to control the spatial organization of the cells is still a matter of discussion (Davis & Thorner, 1986) . Electron microscopic observations indicate that microtubules participate in this process (Byers, 198 1) .
The aim of the present paper is to analyse the display of major cytoskeletal proteins tubulin and actin during mating using fluorescent staining with the monoclonal antibody TuOl for atubulin (Viklickjr et al. , Drhber et al., 1985 and rhodamine-conjugated phalloidin for Factin (Wieland & Govindan, 1974) . We have concentrated on relevant features concerned with the topology of the cytoskeleton in the following events: (i) polarization of gametic cells induced under the influence of mating pheromones, (ii) cell fusion of appropriate mating partners, (iii) fusion of parental nuclei within zygotes, (iv) positioning of dividing nuclei within zygotes, and (v) development of zygotic buds. The functional implication of the presence of the cytoskeletal network in the above steps is addressed experimentally using nocodazole (Hoebecke et al., 1976) , one of only a few agents that promote an almost complete disassembly of yeast microtubules (Pringle et al., 1986; Pillus & Solomon, 1986; Hagek et al., 1986) .
Abbreviations : DAPI, 4',6'diamidino-2-phenylindole ; MBC, methyibenzimidazole-2-yl carbamate ; SPB, spindle pole body.
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Fix-ing and staining. Zygotes and cells were fixed with 3"; (w/v) formaldehyde (prepared from paraformaldehyde; Sigma) at 25 'C for 2 h by adding 15"; formaldehyde in fixing buffer [0.5 M-KH,PO,, 150 mM-EGTA. 25 mwMgC1,. pH6.51 to the cell suspension in growth medium. The specimens were washed twice on a membrane filter and resuspended in 0.1 M-potassium phosphate buffer. pH 6.5. The cell wall was partially digested by a 30 min treatment with crude snail digestive juice (kindly provided by Dr Svoboda) added to the cell suspension I I : I , v / v ) in the presence of 1 mM-phenylmethanesulphonyl fluoride. Digested cells were carefully washed with PBS and dried onto coverslips. Finally. the cells were permeabilized with cold methanol ( -20 "C) for 70 min.
Anti-tuhulin staining with the monoclonal antibody TuOl (Viklickj; was done as described elsewhere (HaSek rr a/., 1986). Coverslips were mounted in glycerolipropylgallate (Giloh & Sedat. 1981) in order to diminish the quenching of fluorescence.
To stain filamentous actin, fixed cells with partially digested cell walls were treated with 20 pg rhodaminelabelled phalloidin ml-I (Rh-phalloidin: a generous gift of Dr T. Wieland) in 1 % (vlv) Triton X-IOO/PBS for 15 min. After washing with PBS, the specimens were mounted in glycerol/p-phenylendiamine (Johnson & de C. Nogueira Araujo. 1981) to prevent bleaching of the rhodamine. Both mounting media contained 2 pg DAPI ml-I for staining DNA (Williamson & Fenell. 1975) . Calcofluor (primulinl staining was done as described previously (Streiblova, 1970 (Streiblova, , 1983 .
Specimens were examined by epifluorescence microscopy using a JenaLumar fluorescence microscope (Zeiss Jena. GDR) using appropriate filter systems. Photographs were taken on Kodak Tri-X pan film processed in an ORRO A49 developer
R E S U L T S
Tuhuliii and uctirt during the budding process In unbudded cells of S. coretisine, actin was organized as filaments and dots distributed primarily in the peripheral cytoplasm beneath the plasma membrane (not shown). The sites of emerging buds showed conspicuous accumulation of actin dots whereas actin filaments formed a distinct basket around the nucleus (Fig. 1 a ) . Cells with emerging buds displayed duplicated but unseparated SPBs. Bundles of cytoplasmic microtubules appeared to emanate from the connection between duplicated SPBs toward the budding site and through the cytoplasm (Fig.   1 h) .
We next examined the display of tubulin and actin throughout the budded portion of the cell cycle. It appeared that continuous association between the SPBs establishing the poles of the developing spindle and the periphery of the mother and daughter cells persisted until cytokinesis (Figs 1 c, d ). Examination of actin-specific staining during the transitional stages of bud expansion revealed actin filaments extending from the tip of the growing bud into the mother cell (Fig. 1 e ) . Finally, in cells in which the bud had grown to its maximum dimension, actinspecific fluorescence accumulated in the neck between the mother and the daughter (Fig. lf) .
Tubirlin and actin rearrangement in mating cells
Zygote formation essentially followed the pattern outlined by Bilinski er nl. ( 1 975). Polarization of unbudded haploid cells was observed 1 h after mixing the strains of opposite mating types; the first zygotes appeared 1 h later.
Morphogenetic events stimulated by the action of pheromones promoted polarization of haploids (Fig. 2 n ) and a profound spatial reorganization of their interior. This included the migration of the nucleus with its SPB-associated cytoplasmic microtubules toward the cell apex (Fig. 26 ) and an accumulation of actin dots with accompanying filaments in the corresponding region (Fig. 2c) .
Prior to mating, polarized cells of opposite mating types contacted each other through cell wall protuberances (Fig. 2 4 . As ascertained by DAPI staining, at the stage of intimate contact between a and a cells haploid nuclei were polarized and spatially oriented face to face (Fig. 2e) . Cytoplasmic microtubules, apparently functional during fusion events in mating, were discerned in the contact area (not shown). Similarly, actin staining was accumulated in a dot-like manner in the contact area at all stages of zygote formation (Fig. 2f) .
Fusion of a and a cells established cytoplasmic continuity and led to contact of the bundled cytoplasmic microtubules of both haploids in the neck of the zygote (Fig. 2g) . Shortening of the cytoplasmic microtubules permitted the association of haploid SPBs (Fig. 2h) followed by karyogamy. Simultaneously, other cytoplasmic microtubules extended from the haploid SPBs into both halves of the zygote. At this stage, the actin pattern consisted of dots as well as of filaments: the dots were concentrated in the isthmus of the zygote with the filaments extended toward the periphery (Fig. 2i) .
As zygotes accomplished karyogamy, strands of cytoplasmic microtubules were generally seen extending from a distinct point of the centred diploid nucleus (presumably the duplicated SPB) deeply into both halves of the zygote (Fig. 3a) . Actin dots were straggled over the isthmus whereas the bundled actin was located throughout the cytoplasm. After nuclear fusion, formation of the first zygotic bud started typically in the isthmus of the zygote. Diploid buds forming on the zygote revealed essentially the same tubulin and actin patterns as those seen during the vegetative budding process. In small buds the cytoplasmic microtubules were directed towards the tips of growing daughter-cells (Fig. 36) and the actin dots became translocated from the base of the bud to the expanding region. During mitosis one pole of the elongating spindle was guided by cytoplasmic microtubules into the diploid bud, whereas the opposite pole of the spindle, remaining anchored within the zygote, typically sent a bundled strand of cytoplasmic microtubules into each half of the zygote (Fig. 3c) . In all cases noted, the growing buds were full of actin dots whereas the zygotes displayed predominantly cables of actin filaments (Fig. 3 4 . Prior to the separation of the bud a ring of actin was observed in the neck as in the vegetative cell division cycle.
Efect of nocodazole on the conjugation process
In general, the action of nocodazole did not unambiguously affect the individual steps of the conjugatory process, namely, agglutination, polarization of preconjugatory cells, zygote formation and budding. Cells of opposite mating types mixed in the presence of nocodazole (10 pg ml-l) and examined after 4 h consisted of 'shmoos', doubled cells and budding zygotes mostly arrested with large unpolarized first buds at the zygote isthmus. Even pretreatment of haploid cells with nocodazole for 1 h prior to mixing did not prevent polarization of preconjugatory cells and efficient fusion.
,
The drug-affected shmoos displayed depolymerized microtubules seen as punctate fluorescence without distinct microtubule profiles (Fig. 4a) . Nuclei were not oriented apically. In marked contrast, actin dots with accompanying filaments were found to be clustered at the tips of shmoo-shaped cells (Fig. 4b) . In zygotes no microtubules could be discerned in the fluorescence image (Fig. 4c) and nuclei were mostly positioned randomly (Fig. 4 4 . Actin granules were distributed throughout the cytoplasm in a fashion similar to untreated zygotes.
Zygotes terminated development as triplets consisting of the original dumb-bell-shaped zygote.and a large unpolarized bug. Typically, two randomly positioned quiescent nuclei were seen, each in one half of the zygote, the zygotic bud containing none. The microtubule cytoskeleton was effectively disrupted by the drug, leaving dimly stained spots of tubulin around the nuclei as well as in the unpolarized bud (Fig. 44) . The actin dots were uniformly scattered in the submembrane region of the triplets (Fig. 4.n. 
DISCUSSION
The deployment of tubulin and actin structures in preconjugatory haploids of S . cerezisiw is of particular interest. Since the ability to mate involves intercellular signalling (e.g. Davis & Thorner. 1986 ). a choreographed reorganization of the cytoskeleton is apparently instrumental in the system of cellular response to diffusible mating pheromones. The location of future fusion sites occurs essentially randomly in relation to the longitudinal axes of the mating partners (Ford & Pringle, 1986 ) and seems to be controlled by a set of cytoplasmic microtubules seen by electron microscoPY (BYers lk Gatsch, 1974 Gatsch, , 1975 . These microtubules could be preferentially stabilized near the cell tips (Kirschner & Mitchison, 1985) in response to a local gradient of diffusible pheromones secreted by competent cells into the medium (Herskowitz, 1986) .
In zygotes, besides the pattern of cytoplasmic microtubules emanating from the SPBs of both mating partners into the zygotic isthmus established by electron microscopy (Byers & Goetsch, 1974 and documented in our pictures, additional cytoplasmic microtubule arrays organized by the SPBs were seen to extend into the cytoplasm of the former haploids facilitating spatial communication of the fusing nuclei with the periphery of the zygote. These microtubules are favourably deployed to exert influence on the preconjugatory movement of the nuclei and their alignment in karyogamy.
Following diploidization, the zygote starts diploid budding. The change in ploidy is reflected by the size of bud scars which arise on the zygote after separation of diploid buds. Thus, the fate of the diploid nucleus within the zygote may be monitored by the patterns of large diploid scars on the surface of the zygote (Streiblova, 1970 (Streiblova, ,1983 . The unique location of diploid scars around the zygotic isthmus indicates a slight rotational movement of the postkaryogamy nucleus with SPB-associated microtubules in the narrow conjugational canal of the zygote in association with selection of new budding sites. If one considers this nuclear behaviour, the pronounced accumulation of actin in the isthmus of young zygotes cannot be completely ignored.
Detailed images of budding zygotes (and vegetative cells) suggest unequal spatial communication of cytoplasmic microtubules emanating from the paired SPB with the budding site and the remaining cytoplasm. This pattern can be interpreted as an indication for a functional specialization of the 'old' and 'new' SPB, one deploying its respective cytoplasmic microtubules predominantly into the growing bud whereas the other serves to organize the microtubular system within the mother-cell or zygote. Given the fact that the asymmetric mode of cellular replication substantially precedes nuclear division (Byers, 198 l) , the daughter SPBs may well be different in their microtubule organizing activity and thus specialized in morphogenetic functions during the entire cell cycle. Speculations about the functional specialization of daughter SPBs have been already presented (Thomas & Botstein, 1986 , Schmitt et al., 1986 .
Application of nocodazole to mating cells led to a rapid and unequivocal disturbance of nuclear migration and zygotic nuclear fusion caused by the destruction of the associated microtubular system. Taken together with earlier observations indicating that nuclear fusion in zygotes is microtubule mediated (Byers & Goetsch, 1974 Thomas et al., 1985; Rose & Fink, 1985) and MBC-sensitive (Delgado & Conde, 1984) , these data strongly support a direct role for cytoplasmic microtubules in the general spatial control of the yeast nucleus.
On the other hand, nocodazole did not perturb the polarization of a and o! cells and the occurrence of cell fusion. Importantly, the organization of actin dots and cables appeared to be established regardless of the absence of detectable microtubules. This seems to indicate that an actin-based system plays a prominent role in the hierarchy of spatial interrelationships during mating. One can speculate that actin is directly involved in the morphogenetic response to mating pheromones by controlling the machinery responsible for cell wall dissolution at the contact sites and for effective fusion of mating partners. Evidence for the involvement of actin in the movement of secretory vesicles, cell wall remodelling and growth is still accumulating (Kilmartin & Adams, 1984; Adams & Pringle, 1984; Novick & Botstein, 1985; Marks & Hyams, 1985; Marks et a/., 1986; Anderson & Soll, 1986; Pringle et al., 1986) .
The terminal morphology of nocodazole-treated zygotes provided a striking instance of bud development in the absence of detectable microtubules. This phenomenon is commonly encountered in analyses of budding using MBC (Quinlan et a/. , 1980; Wood & Hartwell, 1982) and nocodazole (Pringle et al., 1986) . It should be stressed that in drug-treated zygotes bud emergence occurs at a predictable site on the zygote isthmus without a preceding fusion of haploid nuclei and thus without duplication of the conjugational SPB as has also been reported for MBC-treated zygotes (Delgado & Conde, 1984) and confirmed by genetic experiments (Fink & Conde, 1976; Conde & Fink, 1976; Polaina & Conde, 1982; Dutcher & Hartwell, 1983; Rose & Fink, 1985) . The fact that in the above situation the bud is established is an indication of some form of signalling additional to that suggested for cytokinesis (Girbardt, 1979; Streiblova, 19Sl) , in which cytoplasmic microtubules are likely to assist in the positioning of the septum using a mechanism similar to furrowing that closely resembles cleavage in animal cells (Rappaport, 1986) . This suggestion is supported by the absence of cytokinesis in nocodazole-treated cells and zygotes.
Although it is still largely unknown what signals determine the positioning of buds under normal conditions, our observation of drug-treated zygotes leads to the conclusion that it is highly unlikely that two randomly positioned nuclei could, under the given geometrical relations, impart signals culminating in bud emergence at the predicted site of the zygote isthmus. It thus seems expedient to study the possible interactions occurring at the periphery of the zygote. Bud emergence at the isthmus could be elicited by budding-related activities induced at the tips of preconjugatory cells by local gradients of mating pheromones prior to fusion. Supporting evidence for this assumption comes from investigations of vegetative cells growing in the presence of subinhibitory concentrations of a-factor (Herskowitz, 1986) . In these cells, a budding-related activity is induced at the point closest to the a-factor source resulting in bud formation at that point irrespective of the original cell axis.
